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Hydrogen peroxide cytotoxicity in LLC-PK1 cells: A role for iron.
Reactive oxygen metabolites have been postulated to play an important
role in both toxic and ischemic forms of acute renal tubular epithelial
injury. In the present study, we examined the effect of enzymatically
generated hydrogen peroxide on LLC-PK1 cells, a renal proximal
tubule cell line. Exposure of LLC-PK1 cells to glucose and glucose
oxidase (GO; which generates hydrogen peroxide) resulted in cytotox-
icity (as measured by trypan blue exclusion) which was dose dependent
and increased linearly over time to 81 5% at 180 minutes (8 1% at
time 0; mean SEM, N = 3 to 7). Catalase (which decomposes
hydrogen peroxide) completely prevented the cytoxicity, confirming
that the toxicity was due to hydrogen peroxide production. To assess
whether the hydrogen peroxide toxicity was a direct effect or mediated
by other toxic oxygen metabolites, several scavengers of reactive
oxygen metabolites and iron chelators were used. Superoxide dismu-
tase (a scavenger of superoxide) had no effect. Deferoxamine (DFO), an
iron chelator, provided marked protection (GO alone 45.9 4.4%; GO
+ DFO 13.0 2.0%; control 7.1 1.2%; N = 15 to 17, P < 0.001).
Pretreatment with DFO (1 hr. then 2 washes to remove DFO before GO
addition) also markedly inhibited the cytotoxicity, suggesting that
DFO's effect was due to iron chelation. Two other metal chelators
(dihydroxybenzoic acid and 1, 10-phenanthroline) also significantly de-
creased the GO-induced cytotoxicity. However, three of four hydroxyl
radical scavengers used (mannitol, dimethyl sulfoxide, sodium ben-
zoate) did not significantly decrease cell death. Only dimethylthiourea
provided protection. Similar results, including the protective effects of
catalase and iron chelators, were obtained using adenine release as a
measure of cytotoxicity. Taken together, these data indicate that in
addition to direct cytotoxicity of hydrogen peroxide, iron plays a
critical role in hydrogen peroxide-mediated cytotoxicity to LLC-PK1
cells.
Evidence has accumulated supporting the concept that reac-
tive oxygen metabolites, including free radical species (such as
superoxide and hydroxyl radical) and other oxygen metabolites
(such as hydrogen peroxide and hypochlorous acid) play an
important role in tissue injury [reviewed in 1—3]. Iron is known
to play an important in role in the production of reactive oxygen
metabolite mediated injury presumably due to the generation of
hydroxyl radical by the iron catalyzed Haber-Weiss reaction
[4]. However, iron can also react directly with oxygen species
to form other toxic oxygen metabolites (ferryl, perferryl, etc.)
[5].
Recent in vitro and in vivo studies have implicated reactive
oxygen metabolites in ischemic [6—81 and various forms of toxic
nephropathy [9—15]. For example, in in vitro studies, gentami-
cm, an aminoglycoside antibiotic which frequently causes neph-
rotoxicity, has been shown to markedly enhance mitochondrial
hydrogen peroxide production [10]. In in vivo studies, hydroxyl
radical scavengers and iron chelators have been shown to
markedly decrease gentamicin nephrotoxicity [11] and glycerol-
induced acute renal failure [12, 16, 17]. The putative site of
injury in most forms of toxic and ischemic nephropathy is the
tubular lining epithelial cell [reviewed in 181.
Studies from other tissues indicate that the oxygen species
responsible for cytotoxicity depends on the type of oxidant
stress and the tissue under study [19—21]. Andreoli and Mc-
Ateer have recently demonstrated that proximal tubular cell
lines (LLC-PK1, NHK-C and OK cells) are more susceptible to
xanthine-xanthine oxidase induced injury than MDCK cells, a
distal tubular cell line [22]. Scott et al [23, 24] have examined
the effect of xanthine-xanthine oxidase on intracellular oxida-
tion and alterations in membrane potential in isolated LLC-PK1
cells, and Lash and Tokarz have studied the role of glutathione
in oxidant injury to isolated renal proximal and distal tubular
epithelial cells [25].
In this study, we examined the effect of enzymatically-
generated hydrogen peroxide on LLC-PK1 cells, a cell line
which maintains the differentiated characteristics of renal prox-
imal tubular cells [26-28]. This cell line has been used exten-
sively in in vitro studies to examine both physiologic and
pathophysiologic mechanisms in renal tubules [22, 26, 29—34].
The possibility that the cytotoxicity of hydrogen peroxide on
renal tubular cells may be mediated directly or through the
generation of other metabolites has not been previously exam-
ined. We, therefore, also examined the effects of scavengers of
reactive oxygen metabolites and iron chelators on hydrogen
peroxide-mediated cytotoxicity to LLC-PK1 cells.
Methods
Cell cultures
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LLC-PK1 cells obtained from the American-Type Culture
Collection (CRL 1392) were used in passages 199-211. The cells
were maintained in 75 cm2 plastic culture flasks containing
Dulbecco's modified Eagle's Medium (DMEM) supplemented
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with 10% fetal bovine serum (serum iron approximately 100
jsg/dl), 1% L-glutamine, Fe(N03)3 (0.1 mg/liter) and nones sen-
tial amino acids at 37°C in a 5% C02-95% air atmosphere.
Confluent monolayers were subcultured using 0.05% trypsin,
0.53 mM EDTA in calcium and magnesium free Hank's bal-
anced salt solution. Phase contrast microscopy revealed prom-
inent dome formation two days post-confluency.
Cytotoxicity assays
Trypan blue exclusion. LLC-PK1 cells (4 x l0) were plated
into 25 cm2 plastic culture flasks and all experiments were
carried out on cell cultures two to three days post-confluency.
At the conclusion of the experiments, the cells were harvested,
90 d of 0.4% trypan blue solution was added to 10 d of the cell
suspension and examined using a hemacytometer. Cells failing
to exclude the dye were considered non-viable and the data are
expressed as percentage non-viable cells. In preliminary exper-
iments, the media was examined for detached cells. Few cells
were seen by direct examination under phase contrast micros-
copy and no discernible pellet was formed following centrifu-
gation of the media. Therefore, the dye exclusion assays were
carried out on trypsinized cells. In order to rule out the effect of
trypsinization on the dye exclusion assay, a separate group of
experiments was carried out as. follows. At the end of the
experiment, trypan blue (1:4 dilution final concentration) was
added directly to each plate and incubated for 10 minutes.
Three counts of 100 cells were made randomly on each plate
using an inverted phase contrast microscope and the data
expressed as percentage non-viable cells as above.
3H-Adenine release [35]. LLC-PK1 cells two days post con-
fluency in 24 well plates were radiolabeled with 1 pCi/well of
3H-Adenine in 1 ml of supplemented DMEM for three hours.
The monolayers were washed three times with supplemented
DMEM to remove unincorporated label. The percentage uptake
varied between experiments but was very constant within a
given experiment. Values ranged from a low of 5 to 8% to a high
of 48 to 54% with typical experiments showing 20 to 24% uptake
at the end of three hours. Within experiments, the uptake varied
by at most 6% between wells. The experiments were terminated
by removing the incubation medium followed by two washes
with serum free media. The remaining intracellular label was
obtained by solubilizing the cells with 1 ml of 2% Triton X-lOO,
and all fractions were counted for one minute in a liquid
scintillation counter (Beckman Instruments, Inc., Fullerton,
California, USA) using Aquasol-2 (Dupont Chemical Co., Bos-
ton, Massachusetts, USA). The percent specific release was
obtained using the formula:
(A-C)
x 100
(B-C)
where A is dpm in the supernatant and washes from experimen-
tal group; B is dpm in the supernatant, washes and solubilized
cells from experimental group; C is the supernatant and washes
from the control group (mean of four replicates in each exper-
iment) which represents the spontaneous release. The sponta-
neous release was similar from experiment to experiment with
an overall combined mean SEM of 12.8 1.8% (N 20).
Hydrogen peroxide assay. The effect of the various interven-
tional agents on hydrogen peroxide and the generation of
hydrogen peroxide by glucose/glucose oxidase was determined
using the phenol red assay [36]. Briefly, a buffered phenol red
solution (0.28 m phenol red, 8.5 U/ml horseradish peroxidase,
5.5 mM dextrose, 10 mM postassium phosphate buffer, pH 7.0,
140 mivi NaCI) was incubated with various reactants for five
minutes at room temperature. The reaction mixture was then
brought to pH 12.5 using 10 d of 1 N NaOH and the absorbance
determined at 610 nm in a spectrophotometer (Varian DMS
100). The amount of hydrogen peroxide was determined using a
standard curve which was linear in the range of 10 to 80 nmoles
hydrogen peroxide per ml.
Protocols. Cells two to three days post-confluency and dem-
onstrating active dome formation were exposed in varying
concentrations and for different time periods to glucose oxidase
(with excess glucose in the media, 4.5 g/liter). Based on these
initial studies, 0.25 U/ml glucose oxidase for 90 minutes were
used in all of the remaining experiments. To examine the role of
superoxide anion, hydrogen peroxide and hydroxyl radical on
the glucose/glucose oxidase-induced cytotoxicity, various inter-
ventional agents were added to the media just prior to the
glucose oxidase. Catalase (800 U/mI), which destroys hydrogen
peroxide, was used to demonstrate that the toxicity of the
glucose oxidase was due to the generation of hydrogen perox-
ide. Superoxide dismutase (SOD, 280 U/mI), a scavenger of
superoxide anion and the hydroxyl radical scavengers dimeth-
ylthiourea (DMTU, 30 mM), sodium benzoate (40 mM), manni-
tol (60 mM) and dimethyl sulfOxide (DMSO, 10 mM) were also
used in separate experiments. Urea (30 mM), which is a poor
hydroxyl radical scavenger, was used as a negative control for
DMTU.
Various iron chelators were used to examine whether iron
plays a role in the glucose/glucose oxidase-induced cytotoxic-
ity. Deferoxamine (DFO, 20 mM), 1, lO-Phenanthroline (2 mM)
and dihydroxybenzoic acid (DHB, 20 mM) were used in sepa-
rate experiments. In some experiments, DFO (20 mM) was
added to the medium and the cells incubated for one hour.
Following three washings to remove the DFO, the cells were
exposed to glucose oxidase as above.
Results
Glucose/glucose oxidase was cytotoxic to LLC-PK1 cells in a
time and concentration dependent manner as measured by
trypan blue exclusion (Fig. 1). The cytotoxicity of the glucose/
glucose oxidase was not due to an alteration in pH of the media
(secondary to gluconic acid production) as there was also only
minimal fluctuation in the pH of the media throughout the
experiments (data not shown). To confirm that the toxicity was
due to glucose/glucose oxidase generation of hydrogen perox-
ide, we added catalase, which destroys hydrogen peroxide, to
the culture flasks just prior to the addition of glucose oxidase.
Catalase completely abolished the glucose/glucose oxidase-
induced cytotoxicity (Fig. 2), whereas heat-inactivated catalase
had no significant effect (data not shown). In addition, cells
incubated with glucose oxidase in glucose free buffer were
unchanged from control, providing further support for the
concept that the toxicity was related to the production of
hydrogen peroxide and not to the enzyme itself [control 10.5
1.1, glucose oxidase alone (GO) 11.5 2.0, glucose oxidase +
glucose (G-GO) 49.6 3.8, N = 3 to 4; control vs. GOP = NS;
control or GO vs. G-GO P < 0.001).
0Glucose oxidase, U/mi
Fig. 1. A. Effect on cytotoxicity (trypan blue exclusion) of increasing time of exposure of LLC-PK1 cells to glucose oxidase (, 0.25 U/mI; glucose
in excess) or saline (•). Values are mean standard error, N = 3 to 7; P < 0.001 120 mm vs. control. B. Effect on cytotoxicity (trypan blue
exclusion) of increasing the concentration of LLC-PK1 cells to glucose oxidase (90 mm; glucose in excess). Values are mean standard error, N
= 4; P < 0.02, 0.10 U/mI vs. control.
The cytotoxic effect of the hydrogen peroxide generated by
glucose/glucose oxidase could potentially be mediated by other
toxic oxygen metabolites. Therefore, we examined the effect of
superoxide dismutase, which scavenges superoxide anion, on
glucose/glucose oxidase-induced cytotoxicity. Superoxide dis-
mutase, in concentrations used in similar cytotoxicity models
employing hepatocytes [20] and endothelial cells [37], failed to
prevent cell death (Fig. 2). The enzymatic activity of superox-
ide dismutase was confirmed using the ferricytochrome c re-
duction assay (data not shown) [38].
Because iron may play a role in reactive oxygen metabolite-
induced toxicity, we next examined the effect of deferoxamine,
a chelator of iron, on the cytotoxicity induced by glucose!
glucose oxidase. Cell killing was reduced from 45.9 4.4% in
cells exposed to glucose oxidase alone, to 13.0 2.0% in cells
exposed to glucose oxidase plus deferoxamine (Fig. 3A, control
7.1 1.2%; N = 15 to 17, P < 0.001). Deferoxamine did not
alter the hydrogen peroxide generation by glucose/glucose
oxidase (data not shown). In some experiments, monolayers of
LLC-PK1 cells were pre-incubated with deferoxamine for one
hour followed by several washes and then exposure to the
glucose/glucose oxidase regimen. As shown in Figure 3B,
pre-treatment with deferoxamine was also significantly protec-
tive (N = 6, P < 0.001). Confirmation of the effect of deferox-
amine was obtained by using a second iron chelator, dihydroxy-
benzoic acid (Fig. 3C, N = 4, P < 0.02). The chelator
1, 10-phenanthroline was also highly protective against glucose!
glucose oxidase-induced cytotoxicity (Fig. 3D, N = 6, P <
0.001).
We considered the possibility that the protective effect of iron
against glucose/glucose oxidase cell killing might be due to
participation in the Fenton reaction producing a more toxic
reactive species, specifically the hydroxyl radical. We, there-
fore, examined the effect of the hydroxyl radical scavengers
sodium benzoate, mannitol, dimethyl sulfoxide and dimethyl-
thiourea on the glucose/glucose oxidase-induced cytotoxicity.
As shown in Table 1, neither sodium benzoate, mannitol nor
dimethyl sulfoxide provided significant protection (in concen-
trations utilized in other models of reactive oxygen metabolite
induced injury [20, 37]). LLC-PK1 cells co-incubated with
dimethylthiourea and glucose oxidase demonstrated signifi-
cantly decreased cell death as measured by trypan blue exclu-
sion, whereas co-incubation with urea (a poor hydroxyl radical
scavenger) failed to provide significant protection (Fig. 4,
glucose/glucose oxidase alone 55.5 3.7%; glucose/glucose
oxidase plus dimethylthiourea 20.1 7.9%; urea 49.6 5.6%;
control 5.3 1.6%; N = 5 to 6, P < 0.01). The differences in
protection offered by the hydroxyl radical scavengers were not
the result of direct cytotoxicity of the scavengers themselves.
Incubation of LLC-PK1 cells for 90 minutes with and without
the various scavengers in the absence of glucose oxidase
resulted in essentially baseline cytotoxicity as determined by
A
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Fig. 2. Effect of superoxide dismutase (SOD, 280 U/mi, a scavenger of
superoxide) and catalase (800 U/mI, decomposes hydrogen peroxide)
on cytotoxicity (trypan blue exclusion) of LLC-PKJ cells due to glucose
oxidase (0.25 U/ml; glucose in excess; 90 mm). Values are mean
standard error, N = 4.
trypan blue exclusion (control 5.5 0.5%; +dimethylthiourea
7.3 1%; + sodium benzoate 5.5 0.5%; + mannitol 9.0
1%; + dimethyl suffoxide 6.5 1%; N = 3 to 4, P = NS).
The disparate results with the hydroxyl radical scavengers
could be explained if dimethylthiourea interfered with the
hydrogen peroxide production of the glucose/glucose oxidase.
Dimethyithiourea produced a significant decrease in hydrogen
peroxide generation as measured by the phenol red assay
(glucose/glucose oxidase plus dimethylthiourea —33.5 8%, N
= 8, glucose/glucose oxidase plus urea +1.4 2%, N = 2).
The trypan blue exclusion assay was also carried out on
attached cells and produced results similar to the those gener-
ated following trypsinization (Table 2). This supports the data
obtained using the standard trypan blue exclusion technique
and suggests that the injury produced by trypsinization does not
contribute to the differences seen between groups.
A second measure of cell injury was used in order to confirm
the trypan blue exclusion data. The percent release of adenine
increased as a function of time of exposure and concentration of
Table 1. Effect of hydroxyl radical scavengers on glucose/glucose
oxidase-induced cytotoxicity (trypan blue exclusion)
% Dead cells
Control 6.8 0.9
Glucose/glucose oxidase (GO) 42.8 2.6
GO + sodium benzoate 40.6 3.3
GO + mannitol 37.6 5.7
GO ÷ dimethyl sulfoxide 39.6 3.5
glucose oxidase (Fig. 5) [35]. Catalase completely prevented the
release of adenine, supporting the concept that the toxicity of
the glucose/glucose oxidase was due to the release of hydrogen
peroxide (Fig. 6). Deferoxamine and dimethylthiourea also
demonstrated significant protection against the glucose/glucose
oxidase-induced adenine release while urea did not (Fig. 6). In
separate experiments, the hydroxyl radical scavengers mannitol
and dimethyl sulfoxide failed to prevent the release of adenine
(Table 3), similar to the data obtained with trypan blue exclu-
sion.
Discussion
In the present study, we have demonstrated that glucose/
glucose oxidase is cytotoxic to LLC-PK1 cells in a time and
concentration dependent manner. Catalase, which destroys
hydrogen peroxide, prevented the cell death supporting the
concept that hydrogen peroxide, rather than some other prod-
uct of glucose/glucose oxidase, was the toxic compound. Extra-
cellular hydrogen peroxide can penetrate the cell membrane
and may be toxic either directly or indirectly by acting as a
precursor for the more reactive toxic oxygen metabolites.
Iron appears to be critical in the cytotoxic effect of hydrogen
peroxide generated by glucose/glucose oxidase on LLC-PK1
cells as three dissimilar iron chelators were markedly protec-
tive. The source of iron, how it becomes biologically available,
and the mechanism of action of deferoxamine and other chela-
tors on this system remain unknown. However, in a recent
study, Gannon et al have presented evidence that, in oxygen
radical mediated cell killing, the source of iron is the target cell
itself [39]. They demonstrated that stimulated neutrophils were
cytotoxic for endothelial cells in an iron dependent manner.
Pretreatment of the neutrophils with DFO did not protect
against the cytotoxicity. However, pretreatment of the endo-
thelial cells with DFO was significantly protective in a time and
concentration dependent fashion. Our experimental data is in
keeping with the study of Gannon et al [39], in that pretreatment
Fig. 3. A. Effect of deferoxammne (DFO, 20 m, an iron chelator) on cytotoxicity (trypan blue exclusion) of LLC-PK1 cells due to glucose oxidase
(0.25 U/mI; glucose in excess; 90 mm). Values are mean standard error, N = 15 to 17; P = not significant, control vs. +DFO, B. Effect of
pre-treatment with deferoxamine (Pre-DFO, 20 mat, 1 hour then three washes prior to glucose oxidase) on cytotoxicity (trypan blue exclusion) of
LLC-PK1 cells due to glucose oxidase (0.25 U/mI; glucose in excess; 90 miii). Values are mean standard error, N = 6; P = not significant, control
vs. +Pre-DFO. C. Effect of dihydroxybenzoic acid (DHB, 20 mM, an iron chelator) on cytotoxicity (trypan blue exclusion) of LLC-PK1 cells due
to glucose oxidase (0.25 U/mI; glucose in excess; 90 mm). Values are mean standard error, N = 4; P = not significant, control vs. +DHB. D.
Effectof!, lO-phenanthroline (2 m, a metal chelator) on cytotoxicity (trypan blue exclusion) of LLC-PK1 cells due to glucose oxidase (0.25 U/mI;
glucose in excess; 90 mm). Values are mean standard error, N = 6; P = not significant control vs. +phenanthroline.
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Data are presented as mean SEM. LLC-PK1 cells were incubated
for 90 minutes at 37°C and cytotoxicity was determined by trypan blue
exclusion. Additions were made in the following concentrations: glu-
cose oxidase 0.25 U/mI, sodium benzoate 40 mM, mannitol 60 mM,
dimethyl sulfoxide 10 mM.
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of the LLC-PK1 cells with DFO was significantly protective
against glucose-glucose oxidase cytotoxicity.
In addition, the iron chelator data supports several recent in
vivo and in vitro studies which indicate an important role for
iron in tissue injury. Iron chelators have been shown to be
protective in several in vivo models of tissue injury [40—43],
including several models of acute renal failure such as ischemial
reperfusion injury [6—8, 44, 45], glycerol-induced acute renal
failure [12, 171 and gentamicin nephrotoxicity [11]. Although
the role of iron is not completely understood [46—481, the
protective effect of iron chelators has been generally taken as
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Fig. 4. Effect of dimethyithiourea (DMTU, 30 mM, a hydroxyl radical
scavenger) and urea (30 m, a poor hydroxyl radical scavenger) on
cytotoxicity (trypan blue exclusion) of LLC-PK1 cells due to glucose
oxidase (0.25 U/mI; glucose in excess; 90 mm). Values are mean
standard error, N 5 to 6; P not significant control vs. +DMTU.
Table 2. Glucose/glucose oxidase-induced cytotoxicity (trypan blue
exclusion by attached cells)
Control Glucose +DMTU
oxidase
0.00 0.05 0.10 0.15
Glucose oxidase, U/mi
Fig. 5. ffect of time and glucose oxidase concentration on %
adenine release of LLC-PK1 cells due to glucose oxidase (0.25 U/mI;
glucose in excess; 90 mm). Symbols are: () 30 mm; (•) 60 mm. Values
are mean standard error, N = 4.
% Dead cells
Control 0.24 0.1
Glucose/glucose oxidase (GO) 44 3.1
GO + catalasea 9.2 1.2
GO + deferoxaminea 15.7 3.0
Data are presented as mean SEM. LLC-PK> cells were incubated
for 90 minutes at 37°C and cytotoxicity was determined by trypan blue
exclusion on attached cells. Additions were made in the following
concentrations: glucose oxidase 0.25 U/ml, catalase 800 U/mI, deferox-
amine 20 m. Data are combined from two experiments, N = 5 to 6.
P < 0.001 compared to GO alone.
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Fig. 6. Effect of catalase (800 U/ml), deferoxamine (DFO, 20 mM),
dimethy/thiourea (DMTU, 30 mM) and urea (30 mM) on % 3H-adenine
release of LLC-PK1 cells due to glucose oxidase (0.25 U/mI; glucose in
excess; 90 mm). Values are mean standard error, N = 5 to 8, except
+urea = 2; P = not significant, control vs. +catalase or DMTU, P <
0.05 control vs. +DFO or urea.
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Table 3. Effect of hydroxyl radical scavengers on glucose/glucose
oxidase-induced cytotoxicity (% release of adenine)
% Dead cells
Control 6.8 0.9
Glucose/glucose oxidase (GO) 75.6 1.3
GO + dimethyl sulfoxide 75.8 2.2
GO + mannitol 68.0 5.1
Data are presented as mean 5EM. LLC-PK1 cells were incubated
for 90 minutes at 37°C and cytotoxicity was determined by % release of
adenine. Additions were made in the following concentrations: glucose
oxidase 0.25 U/mI, mannitol 60 ms, dimethyl sulfoxide 10 mM.
evidence for the participation of hydroxyl radical in tissue
injury, because a trace metal such as iron appears to be critical
for the generation of hydroxyl radical (via metal-catalyzed
Haber-Weiss reaction). Indeed, Starke and Farber have dem-
onstrated that (glucose/glucose oxidase generated) hydrogen
peroxide-induced cytotoxicity in isolated hepatocytes was in-
hibited by iron chelators, superoxide dismutase, catalase and
hydroxyl radical scavengers [20]. They concluded that hydroxyl
radical generated by the iron catalyzed Haber-Weiss reaction
was the key reactive oxygen metabolite responsible for hydro-
gen peroxide-induced cytotoxicity in isolated hepatocytes [20].
In contrast to the results of Starke and Farber, in our study
neither superoxide dismutase, nor the hydroxyl radical scaven-
gers DMSO, sodium benzoate and mannitol were protective,
whereas DMTU was partially effective in preventing cytotox-
icity. These results are similar to those of Kvietys et al, who
reported that catalase, an iron chelator and DMTU were
protective, whereas superoxide dismutase and hydroxyl radical
scavengers, DMSO and mannitol, were without protective
effect in xanthine/xanthine oxidase-induced injury to endothe-
hum [211. Our findings with DMTU are also similar to Andreoli
and McAteer who reported partial protection against 3H-ade-
nine release, 51chromium release, and ATP decrease in LLC-
PK1 cells exposed to xanthine-xanthine oxidase [22]. The
failure of DMSO to protect the LLC-PK1 cells is also similar to
reports from others that DMSO did not protect epithelial cells
[49] and fibroblasts [50] from similar oxidant injury. Kvietys et
al [21] and others [reviewed in 47] have suggested that failure of
the hydroxyl radical scavengers to prevent the cytotoxicity may
be due to site-specific hydroxyl radical formation in areas
relatively inaccessible to hydroxyl radical scavengers. In addi-
tion, Kvietys et al have suggested that the reason DMTU was
protective in their studies was because DMTU is a hydroxyl
radical scavenger that is capable of chelating iron [21]. While
this may be the reason DMTU was effective in our studies,
additionally we found that DMTU also scavenged the glucose/
glucose oxidase-generated hydrogen peroxide by 33%. Others
have reported a similar effect of DMTU on hydrogen peroxide
[51]. Therefore, the protective effect of DMTU was due, at least
in part, to a reduction in available hydrogen peroxide rather
than the scavenging of hydroxyl radical.
While the inaccessibility of hydroxyl radical scavengers at
the site of injury is one explanation for the lack of effect of the
hydroxyl radical scavengers, other possibilities have to be
considered. Hydrogen peroxide may interact with iron to form
iron-oxygen species such as ferryl, perferryl and various other
forms of iron-oxygen species, rather than hydroxyl radical [5].
These species are potent cytotoxic agents which would not be
blocked by the hydroxyl radical scavengers used in this study
and for which there are no available scavengers or probes [21].
This mechanism may also be important in in vivo models of
tissue injury where iron mediated formation of reactive oxygen
metabolites has been implicated [9, 11, 12, 17, 40, 42, 44]. For
example, in our previous work on gentamicin nephrotoxicity,
we found that, in vivo, both hydroxyl radical scavengers and
iron chelators were highly protective against gentamicin-in-
duced acute renal failure, implying a role for hydroxyl radical in
this model [11]. The results of this current work suggest that
iron, in addition to its participation in the generation of hy-
droxyl radical, may also be responsible for the production of
other toxic iron-oxygen species which contribute to gentamicin
nephrotoxicity.
In summary, enzymatically generated hydrogen peroxide is
cytotoxic for LLC-PK1 cells. In addition to direct cytotoxicity
of hydrogen peroxide, our data indicate that iron plays a critical
role in hydrogen peroxide-mediated cytotoxicity to LLC-PK1
cells presumably by participating in the generation of other
toxic oxidant species.
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